A Sarcina strain (Coccus P) produces two proteolytic enzymes. One is found only extracellularly, is far more prevalent, and is actively excreted during exponential growth. It is the enzyme responsible for the known strong proteolytic activity of the cultures of this strain. A second protease is, however, produced which remains associated with the intact cells but is released by the protoplasts. The two enzymes appear unrelated in their derivation. Calcium ions play an essential role in preventing autodigestion of the excreted enzyme.
Bacterial proteins are found outside the cell boundary as a consequence either of passive processes such as leakage or lysis or of active excretion. Under conditions in which leakage and lysis do not occur, as during exponential growth, the cell boundary is a barrier causing a complete separation of the bulk of the intracellular proteins from the one or very few extracellular proteins, with no trace of either type being detectable on the wrong side of the boundary. Since in bacteria there is no evidence of protein being produced other than internally, the separation into intraand extracellular proteins should occur after peptide chain formation. The question arises as to whether the structure of the cell boundary or that of the excreted proteins themselves determines this separation.
Coccus P, a Sarcina closely related to Micrococcus lysodeikticus (3), produces an extracellular proteinase during the exponential phase of growth so that the process appears to be active excretion. The organism grows exponentially in a defined synthetic medium (12) to relatively high cell density (10 cells/ml); therefore the mechanism of excretion can be studied over an extended period of time without the difficulties of changing growth rates. Coagulation of reconstituted skim milk provides a simple and sensitive assay for enzyme activity (I 1). The extracellular proteinase has also been purified and partially characterized ' Present address: Biophysics Department, Portsmouth Polytechnic, Portsmouth, England.
2 Present address: Department of Molecular Biology, University of California, Berkeley.
I Present address: Laboratorio Internazionale di Genetica e Biofisica, Naples, Italy. (6) (7) (8) . It has been shown that extracellular proteolytic activity can be found only when Ca2+ is present in the medium (4) . However, there is always a low level of proteolytic activity associated with the cells irrespective of the presence of Ca2 . This paper is concerned with the relation between these two extra-and intracellular proteolytic activities. It is found that they are due to two different proteins, only one of which is actively excreted.
MATERIALS AND METHODS
Bacterial strains. Wild-type Coccus P (3) was maintained routinely on tryptone-agar slants (Field's medium, Difco). Nutritional requirements are: guanine (or guanosine), biotin, and catechol (or any other orthodiphenol; reference 12).
Proteinaseless mutants were induced with N-methyl-N'-nitro-N-nitrosoguanidine by a slightly modified procedure used for Escherichia coli (1) . Wild-type Coccus P was grown in 10 ml of Field's medium to 6 x 101 cells/ml. After centrifugation, the cells were resuspended in 0.5 ml of 0.2 M acetate buffer (pH 5), and 0.12 ml of a standard solution (4 mg/ml) of nitrosoguanidine was added. This suspension was incubated at 37 C for 3.5 hr. After centrifugation and washing, a sample of cells was inoculated into Field's medium. After a long lag (2 days), the survivors (!-10-5) grew. Dilutions were plated on Field's medium and on agarmilk plates. Nonproteolytic colonies occurred at a frequency of 0.25 x 10-2 of the survivors. Twenty-three of these colonies were analyzed further; one strain, CP10, used in these experiments has the same generation time as the wild type in minimal medium. It has no extracellular proteolytic activity regardless of Ca2+ concentration, whereas it retains its cell-associated activity.
Minimal medium. The basal medium was the minimal medium (MMCP) described by Gorini Growth conditions. Coccus P is a strict aerobe. In MMCP the doubling time is 2 hr and 15 min at 37 C, irrespective of the calcium concentration. Lags of unpredictable length before initiation of growth were avoided by using a rather large inoculum (l/0 volume of the inoculated medium) taken from a culture in low-Ca MMCP at mid-exponential phase of growth (-4 x 108 cells/ml). The culture thus started from a density of z4 x 107 cells/ml, and growth was usually stopped at a density of 6 x 108 cells/ml ( Gel filtration. Sephadex G-100 (40-120 mesh, Pharmacia) was packed by gravity in a jacketed vertical column (95 x 2.5 cm) and equilibrated overnight with 0.08 M Tris-hydrochloride buffer containing 10-3 M CaCl2. The chromatography was carried out at a flow rate of 0.5 ml/min with water cooled to 4 C circulating in the jacket. Five ml samples were collected. The protein content of each fraction was estimated spectrophotometrically (absorption at 280 nm, Beckman) and proteolytic activity was determined.
Preparation of radioactive enzyme C. A 0.2-ug amount of "C-leucine (New England Nuclear Corp.; specific activity, 183.5 Ci/mole) per ml, 4 gg of cold leucine per ml, and CaCl2 (10-3 M, final concentration) were added to a growing culture (1 liter) at 2 x 108 cells/ml. Growth was stopped at 7 x 108 cells/ml; the culture medium was separated and filtered as described VOL. 105, 1971 on July 5, 2017 by guest http://jb.asm.org/ Downloaded from before, and the proteins were precipitated with 1.5 volume of absolute ethanol at -7 C with stirring overnight. The precipitate was dissolved in 0.08 M Tris-hydrochloride buffer (pH 7.8) containing 10-3 M CaCI2. The solution was dialyzed against 2,000 times its volume of the same buffer at 4 C for 24 hr with one change of buffer. The solution was then concentrated further by rotary evaporation and was finally fractionated through a Sephadex G-100 column.
Cellulose acetate electrophoresis. Electrophoresis was performed by the method of Smith (18) on the concentrated proteolytically active fractions separated by gel filtration. Electrophoresis buffer was 0.08 M Tris-hydrochloride, pH 7.2. The time of each run was 3.5 hr. The bands were fixed with 10% acetic acid and stained with 0.01% Coomasie Blue for 10 min.
Enzyme assay. Proteolytic activity was measured by milk coagulation, as described by Gorini and Lanzavecchia (11) . The assay solution consists of 1I% powdered skim milk (Difco) in cacodylate buffer (6.6 x 10-2 M cacodylic acid, 40 ml; 6.6 x 10-2 M triethanolamine, 60 ml; 3 M CaCI2, I ml). This mixture was homogenized for 30 sec in a Waring Blendor and allowed to stand at room temperature for 10 min; some undispersed material was then removed by decantation. This reconstituted standard milk must be used within 2 hr. Coagulation time was determined in a 37 C water bath on 5 ml of the milk solution to which 0.5 ml of solution to be tested was added. The enzyme concentration, E, is related to the coagulation time, T, by the formula T= K(l/E) +a (11) for which the slope, K, and the intersection with the time axis, a, must be experimentally determined for each new batch of skim milk. In the present work, a was usually found to be about 100 sec, and the milk solution without enzyme (a sample of which should accompany each determination) did not precipitate before 38 hr of incubation.
It has been shown for the proteinase of Coccus P ( 11) that the assay based on milk coagulation is strictly equivalent to the more classical one based on hydrolysis of standard proteins. We have confirmed that the coagulation time obtained with the extracellular enzyme C is inversely proportional to the amount of hydrolysis of casein. For practical reasons, one unit of enzyme C was chosen to be the amount which coagulates the standard reconstituted milk described above in 19 hr (one-half of the time for which the milk can be incubated without danger of spontaneous precipitation). We have determined that this amount of enzyme C acting on casein (Hammersten) for 30 min at 37 C liberates trichloroacetic acid-soluble products which gave an absorbancy of 0.002 per cm at 280 nm under conditions described by Kunitz (14) . For the activity of the cell-associated enzyme B, this same unit of milk coagulation time was adopted, although the relationship of milk coagulation to casein hydrolysis was not determined. RESULTS Behavior of wild-type and CP10 mutant with respect to proteolytic activity. On a milk-agar plate, the wild-type colonies release proteolytic activity as demonstrated by a halo around the colony; strain CPIO shows no such halo. Table I gives the result of a similar experiment performed in liquid medium (MMCP). Low-and high-Ca media were used, and proteolytic activity was measured on both the cell-free supernatant fluid and the lysate of the washed cells. In the wildtype supernatant fluid, activity is observed only in the presence of high Ca2+, whereas no activity is found in the supernatant fluid from CPIO regardless of Ca2+ concentration. However, the cell lysate demonstrated a proteolytic activity which is constant and is observed regardless of Ca2+ concentration and the strain used. This suggests two types of proteolytic activity in Coccus P, only one of which, the cell-associated activity, is present in CPIO. This explains the fact that, after prolonged incubation (48 hr), a small ring of proteolysis did appear around the colonies of CP10, presumably indicating late leakage of the cellassociated activity.
Chromatography of the proteins in the culture supernatant fluid. The amount of protein excreted by Coccus P into the culture fluid is very small. Given the micromoles of radioactive leucine incorporated, the molecular weight and the leucine content of the enzyme, it can be roughly calculated that near the end of the exponential phase the culture supernatant fluid contains only 4 to 5 gg of enzyme protein per ml. Therefore, the cellfree supernatant fluid must be concentrated extensively before chromatography.
Wild-type cells grown in low-Ca MMCP were inoculated at a density of 1.5 x 108 cells/ml into two 30-liter cultures of MMCP (low-and highCa concentration). The two cultures were grown to 8 x 108 cells/ml. The culture fluid was separated from the cells and concentrated about 2,800-fold. Sephadex G-100 elution profiles of these concentrated supernatants fluids are presented in Fig. Ia and b from the high-Ca and the low-Ca wild-type cultures, respectively. Two wellseparated regions of proteolytic activity are found. In the high-Ca profile a, one of these regions is far more prevalent and coincides with a narrow, symmetric peak of protein (C C) is visible. This indicates that B is not an aggregate of C but is an additional peak of proteolytic activity. In the low-Ca profile b, the same two regions of proteolytic activity are found: the activity of B is of the same order as in profile a, but that of C is enormously reduced.
In addition to the two proteolytic activities, the superantant fluid shows another major peak, A, which is roughly similar in the two profiles. Although it appears as a narrow peak in Fig. I , nothing can be deduced about its homogeneity, because it is eluted with the void volume of the column. It is degraded completely by Pronase and partially by trypsin or chymotrypsin, but not by the peak C proteinase. It is, therefore, a protein or an aggregate of one or more protein molecules. Since it lacks proteolytic activity, it has not been further characterized. There is also a low background of 280-nm absorption that might be due to contamination by intracellular proteins.
Electrophoresis of peaks B and C. Peak B taken from the second fractionation (insert in Fig. lb) (Fig. la) . The two regions where proteolytic activity was found in extracts of wild-type cells correspond to those of enzymes B and C found in the supernatant fluid. The only activity found in the cells of CP 10 mutant was the region corresponding to enzyme B.
Distribution of enzymes B and C between the cells and the culture fluid. Table 2 presents the values of proteolytic activities measured in the region C of the chromatograms discussed above, with all values adjusted to standard cell density and culture volume. In the wild-type strain, the amount of enzyme C found in the supernatant fluid of a culture containing 10-6 M Ca2+ is only 0.04% of that present in the same volume of supernatant fluid of culture at equal cell density but containing 10-3 M Ca2+. A small amount of C activity is found associated with the wild-type cells grown in high-Ca medium. This represents 0.0014% of the total C activity in the culture, which could be contamination from the supernatant fluid. However, an equivalent amount is also found associated with the low-Ca cells, even though the total activity is 2,500 times less than in the high-Ca culture. CPlO lysate shows only B activity (Fig. lb) .
Cellular location of enzyme B. The amount of B demonstrable in the supernatant fluid after concentration (Table 3) may be due to cell lysis. This amount can be roughly calculated to be between 5 and 16% of that associated with the cell. However, there was no evidence for such a large amount of cell lysis in our preparation. Therefore, the possibility arose that enzyme B may not be a strict intracellular enzyme as previously supposed. This was further suggested by the fact that, even though the cell-associated activity (enzyme B) remained constant during the exponential phase of growth (Table 1) , its level dropped drastically when the cells were kept for several hours in saline or MMCP. Cell lysis was not the important factor, as the cell counts remained constant after this treatment. The loss of enzyme B activity when the cells were exposed to saline indicates that B is a loosely bound enzyme. The classical test for protoplast inability to retain such an enzyme was thus performed. Results given in Table 4 show that the transition from intact cells to protoplast releases the enzyme B activity into the supernatant fluid, even though the protoplasts are intact as shown by retention of most of the cell proteins. It is concluded that B has the characteristics of a periplasmic (13) enzyme.
Stability of enzymes B and C. Since the amount of enzyme B was found to be almost independent of Ca2+ concentration, whereas C was drastically reduced when Ca2+ concentration was lowered, the stability of the enzymes in a cell-free Fig. la a Total amount of B activity in a 30-liter culture of the wildtype strain in high-Ca medium at a density of 8 x 108 cells/mi. Analogous results are obtained with a culture in low-Ca medium or with mutant CPIO in either media. In the cell lysate, enzyme B was fractionated by ammonium sulfate precipitation followed by Sephadex chromatography, in the supernatant, by concentration directly followed by Sephadex chromatography. B activity in the supernatant is not measurable directly, and it cannot be calculated because B stability through the concentration procedure is unknown. The after-column data concerning the cells are the sum of the proteolytic activity found in all tubes corresponding to the B region in Fig. 2a system was tested. The Ca2+ concentration in solutions of enzymes B and C (originally containing 10-3 M Ca2+) was lowered by extensive dialysis against low-Ca buffer. Table 5 gives the proteolytic activity remaining after dialysis as percentage of the original activity in the untreated sample. Enzyme B activity was not affected by Ca2+ removal, whereas enzyme C activity was lost. This confirms the earlier findings 0.32 4.5 < I 3.50 5.0 a Wild-type and mutant cells were grown in high-Ca and low-Ca MMCP to 4 x 108 cells/ml. They were then washed repeatedly with water and finally resuspended in MMCP containing l0-3 M Ca2+ at a final density of 6 x 109 cells/ml. The suspension was lysed by the standard procedure described in Materials and Methods or in the presence of sucrose (350 mg/ml) to preserve the protoplasts. The lysozyme treatment was performed at 37 C for 1 hr. The intact protoplasts were separated by centrifugation: pellet and supernatant fluid were analyzed separately. The lysate was analyzed directly. The proteins were determined by the method (9) that the extracellular proteinase of Coccus P is quickly and irreversibly inactivated upon removal of Ca2+ by ion-complexing agents. The mechanism of this inactivation was further investigated with radioactive enzyme C prepared as described in Materials and Methods. The concentrated enzyme peak was diluted so that the Ca2+ a Dialysis lasted for 24 hr at 4 C and was performed against 1,000 times volume of buffer (0.1 M Tris-hydrochloride, pH 7, with 10-e M or 10-3 M CaCI2) with one change. At the end, the Ca2+ concentration was raised to 10-3 M, and the samples were tested on milk and casein for proteolytic activity. The enzyme solutions are the fractions under peaks B and C shown in concentration was reduced to 5 x 10-6 M. The control, in which the original 10-3 M Ca2+ concentration was reinstated by addition of CaCl2, lost less than 15% of its enzymatic activity after 2 days at 37 C, whereas the solution containing 5 x 10-6 M Ca2+ lost all of its enzymatic activity within 2 hr at room temperature (Table 6 ). This loss was accompanied by a 90% loss of trichloroacetic acid-precipitable radioactivity (Table 6 ). This process could be arrested at any intermediate time if l0-3 M Ca2+ were added. It is concluded that, in the absence of Ca2+, enzyme C undergoes rapid autodigestion.
Removal of Ca2+ is not the only cause of loss of enzyme C activity. It was observed that further (Table 7) , as opposed to a 90% loss when Ca2+ concentration was lowered (Table 6 ).
Since aeration, and therefore shaking, is necessary for growth, a search was instituted for a compound that would prevent surface denaturation. Proteins such as gelatin or albumin, which have a protective function for other enzyme systems, could not be used in the case of a proteolytic enzyme. It was found that Ficoll (Pharmacia), a nonionic polymer of sucrose, was useful in this respect. A 5% concentration of Ficoll was sufficient to prevent surface denaturation of the proteinase (Table 7) without impairing growth. To see whether Ficoll also counteracts autodigestion, it was added simultaneously with different Ca-complexing agents which establish a gradient of increasing instability, depending on their strength (9) . Table 8 shows that Ficoll delays (but does not prevent) autodigestion. (16, 17) used for testing] is in agreement with the results reported previously for the excreted proteinase (8) . Enzyme B does not hydrolyze the tripeptides split by enzyme C. These differences, to which it should be added that antiserum to C does not cross-react with B (M. Bissell and L.
Gorini, unpublished data), exclude the possibility that one of the enzymes derives from the other by some slight modification occurring after the synthesis of a polypeptide chain common to both. Enzyme C does not contain any essential -S-Sbridge, because it is not affected by mercaptoethanol followed by N-ethyl-maleimide treatment. Moreover, the number of cysteine residues found upon amino acid analysis (standard procedure for Beckman/Spinco Analyzer model 120) is consistent with a maximum of one -S-S-bridge.
An important physiological difference between the two enzymes is their localization. Enzyme B is periplasmic and, therefore, is loosely bound to the cell. It is easily extractable by saline or by the culture medium itself and may leak out into the supernatant fluid. Leakage was looked for in the CPIO mutant which does not produce enzyme C and, therefore, would not mask a small amount of enzyme B should it appear in the supernatant fluid. It was found, on selective agar plates and in liquid culture, that no proteolytic activity was detectable in the surrounding medium until 4 to 5 hr of exponential growth, a time exceeding the standard duration of our experiments. Enzyme C, on the other hand, is an extracellular enzyme with no detectable pool inside the cell. Having established that the two are separated with respect to their synthesis and localization, the study of extracellular enzyme C excretion may be pursued without interference by enzyme B.
The presence of enzyme C in the supernatant is strictly dependent on Ca2+ concentration. The small amount of activity found in the supernatant fluid of low-Ca culture (0.04% of the high-Ca culture) can be reasonably assumed to be due to the fact that the medium to which no Ca2+ is added does contain 10-6 M Ca2+. A small amount of C (0.0014% of the total) was found associated with the high-Ca wild-type cells which could be due to contamination. However, an amount of enzyme in the same order of magnitude is also found associated with the low-Ca cells; this has an important bearing on the role of Ca2+ in enzyme excretion which is examined in a separate paper (5 
